In this study, extremely halophilic and moderately thermophilic microorganisms from a hypersaline microbial mat were screened for their ability to produce antibacterial, antidiatom, antialgal, and quorum-sensing (QS) inhibitory compounds. Five bacterial strains belonging to the genera Marinobacter and Halomonas and one archaeal strain belonging to the genus Haloterrigena were isolated from a microbial mat. The strains were able to grow at a maximum salinity of 22-25 % and a maximum temperature of 45-60°C. Hexanes, dichloromethane, and butanol extracts from the strains inhibited the growth of at least one out of nine human pathogens. Only butanol extracts of supernatants of Halomonas sp. SK-1 inhibited growth of the microalga Dunaliella salina. Most extracts from isolates inhibited QS of the acyl homoserine lactone producer and reporter Chromobacterium violaceum CV017. Purification of QS inhibitory dichloromethane extracts of Marinobacter sp. SK-3 resulted in isolation of four related diketopiperazines (DKPs): cyclo (L-Pro-L-Phe), cyclo(L-Pro-L-Leu), cyclo(L-Pro-L-isoLeu), and cyclo(L-Pro-D-Phe). QS inhibitory properties of these DKPs were tested using C. violaceum CV017 and Escherichia coli-based QS reporters (pSB401 and pSB1075) deficient in AHL production. Cyclo(L-Pro-L-Phe) and cyclo(L-Pro-L-iso-Leu) inhibited QS-dependent production of violacein by C. violaceum CV017. Cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Leu), and cyclo(L-Pro-L-isoLeu) reduced QS-dependent luminescence of the reporter E. coli pSB401 induced by 3-oxo-C6-HSL. Our study demonstrated the ability of halophilic and moderately thermophilic strains from a hypersaline microbial mat to produce biotechnologically relevant compounds that could be used as antifouling agents.
Introduction
In hypersaline habitats, stratified microbial agglomerations are formed as dense thick mats, because of the limited abundance and activity of grazing organisms [23, 29] . Aerobic heterotrophic bacteria in mats are concentrated in the upper oxic layer, in close association to cyanobacteria, and belong mainly to Proteobacteria and Bacteroidetes groups [2, 30] . Strains of the genera Marinobacter, Halomonas, Pseudomonas, Alcanivorax, Roseobacter, and Rhodobacter have been isolated from hypersaline mats [2] . Archaea were also detected in the oxic and anoxic layers of hypersaline microbial mats, most of which belonged to the groups Crenarchaeota, Thermoplasmatales, and Euryarchaeota [6, 28] . Recently, it was demonstrated that mixed bacterial communities in hypersaline cyanobacterial mats have the ability to produce bioactive compounds under in situ conditions [3, 21] .
Halophilic microorganisms have received considerable attention because of their unique properties that evolved as a result of their adaptation to high salinities. In contrast to bacteria, which produce high concentrations of compatible solutes in order to maintain an osmotic balance of their cytoplasm with the hypersaline environment, halophilic archaea accumulate high concentration of salts intracellularly. This mechanism requires special adaptation of intracellular enzymes to function in the presence of high levels of salts [15] . Therefore, extensive research has been performed to isolate compounds from halophilic bacteria for their use as stabilizers of biomolecules and as stressprotective agents, and halophilic enzymes from archaea for their potential use as biocatalysts [39] . In contrast, little has been done to explore the production of other bioactive compounds from halophilic microorganisms with antibacterial, antialgal, antidiatom and quorum-sensing (QS) inhibitory properties [42, 50] .
Biofouling, defined as the quick colonization of microand macro-organisms on natural and artificial substrata, causes severe industrial problems, and more than $5 billion are annually spent to prevent it and to deal with its consequences [63] . Biofouling communities develop in the form of microbial biofilms on surfaces of ships, pipelines, as well as desalination units. Several antifouling compounds have been isolated from biofilm-forming microorganisms [16, 43] . Bacteria in biofilms communicate with each other and coordinate their biofilm formation by a mechanism called QS [9] . This density-dependent process involves the production and release in the environment of low molecular weight compounds, such as N-acyl homoserine lactones (AHLs), which can change the behavior of bacteria after a certain threshold concentration. It has been postulated that compounds that interfere with bacterial QS can be used for antimicrobial protection in aquaculture [17] and medicine [48] , as well as antifouling agents [19, 22] . Screening for antifouling compounds from halophilic microorganisms is of major industrial interest because of their stability at high salinities in marine environments and desalination plants. Additionally, these compounds can circumvent the use of toxic antifouling chemicals, like copper or zinc, which often prevent the settlement of larvae and spores of algae but not microbial biofilms [13, 20] .
In this study, six microbial strains were isolated from a hypersaline cyanobacterial mat, inhabiting an inland desert wadi in southeastern Oman. The strains were identified based on the phylogeny of their 16S rRNA genes and were physiologically and biochemically characterized. All strains were screened for the production of antibacterial, antidiatom, antialgal compounds, and QS inhibitors. QS-inhibitory compounds were isolated and their structures were elucidated from a representative, fast-growing bacterial strain SK-3, which demonstrated high QS inhibitory activity.
Materials and methods

Sample origin and isolation
The mat samples were collected from wadi Muqshin in southeastern Oman, 200 km from the Arabian Sea coast (19°35.04 0 N; 54°52.87 0 E). The wadi is a series of hypersaline, stagnant pools harbored by dome-shaped laminated microbial mats [3, 31] . Mat pieces were collected from the sides and the center of one pool, where salinity was around 35 % and air temperature was 35°C.
Small mat pieces were grown in modified growth medium (MGM) at 18 and 25 % salinity [49] . The medium contained 0.1 % yeast extract, 0.5 % peptone, and 18 or 25 % NaCl. The samples were incubated outside (temperature 25-41°C) in the shade to mimic field environmental conditions. Because of extremely high salinity of the media, only six axenic strains (termed SK-1 to SK-6) were obtained after several transfers on MGM agar plates.
Biochemical characterization of the strains
The strains were biochemically characterized for catalase, citrate utilization, indole production, methyl red test, Voges-Proskauer test, gelatin liquefaction, urea test, and acid and gas production upon growth on the sugars D-glucose, sucrose, lactose, and maltose [38] . The catalase test was performed as described by [38] . Briefly, a drop of H 2 O 2 reagent was added on the agar plate with a few colonies of each strain; the immediate formation of bubbles indicated positive catalase activity. The strains were tested for the production of the enzymes amylase, protease, lipase, cellulase, and xylanase using standard plate screening methods [11, 24] . These methods rely on the formation of clear zone in the used agar as a positive indication for the production of the enzyme. All the test plates and tubes were incubated at 25°C for 3 days. Each strain was tested in triplicate.
The growth of the strains was monitored either at different salinities (0, 5, 10, 15, 18, 22, and 25 %) under the constant temperature of 35°C or at different temperatures (4, 15, 25, 35, 45, 60, and 70°C) under the constant salinity of 18 %. The growth medium contained 20 mM acetate as a carbon source [2] . Growth was carried out in 10-ml glass tubes in triplicate and it was measured by following the changes of the optical densities of the cultures at 660 nm. Bacterial culture in the medium without acetate and the sterile medium with acetate but without bacteria were used as controls.
Strain identification
The DNA of the isolates was extracted and the 16S rRNA genes were PCR amplified and then sequenced as previously described [2] . The 16S rRNA sequences of the strains ([1,300 bp) were analyzed using ARB software [47] . Phylogenetic trees were constructed based on almost complete 16S rRNA gene sequences ([1,300 bp) by applying different methods integrated in the ARB software such as maximum likelihood, maximum parsimony and neighbor-joining. Partial sequences were not included in the calculation of the trees but were inserted afterwards using the parsimony tool. The final maximum likelihood tree was minimized for simplicity in presentation.
Preparation of extracts
Preliminary results suggested that the cell cultures grown for 7 days on MGM agar had lower bioactivity and threefold lower yield of extracts in comparison with ones grown in MGM liquid medium. Therefore, only results for MGM liquid medium are presented. The cell cultures grown for 7 days in MGM liquid medium (18 % NaCl, volume 250 ml) at 37°C were separated by centrifugation (5,0009g for 10 min) and the pellets were re-suspended in 100 ml ddH 2 O. Supernatants and pellet suspensions were subsequently partitioned over 3 days using a separatory funnel. Hexanes (a mixture of isomers of C6 containing aliphatics including hexane, cyclohexane, and branched pentanes), dichloromethane and butanol (all from Sigma-Aldrich) were used as solvents for partitioning. Resulting hexanes, dichloromethane, butanol, and remaining aqueous fractions were individually collected, filtered through Whatman paper No.1 and evaporated by a rotary evaporator (Büchi) under reduced pressure at 35°C. All dry extracts were weighed, stored in glass vials at -20°C, and used later for bioassays (see below).
Antibacterial, antidiatom, and antialgal activities
Antibacterial activity of the obtained extracts was tested against the pathogenic bacteria Bacillus subtilis, Escherichia coli, Micrococcus luteus, Proteus vulgaris, Pseudomonas aeruginosa, Salmonella enterica, Shigella sonnei, Staphylococcus aureus, and Streptococcus pyogenes. All strains were obtained from the culture collection of the Sultan Qaboos University Hospital. E. coli and P. vulgaris were tetracycline and streptomycin-resistant. P. aeruginosa strain was tetracycline resistant, while the S. sonnei strain was streptomycin-resistant. Prior to the bioassay, all strains were cultivated for 15 h in Luria-Bertani (LB) broth (Fisher Scientific) at 37°C. All extracts were re-dissolved in appropriate solvents in order to reach the final concentration of 1 mg ml -1 . Antibacterial bioassays were conducted according to [18] . Briefly, each strain (0.1 ml of 10 6 CFU ml -1 culture) was inoculated onto LB agar plates. Three microliters of the extracts or control solvents was applied to sterile paper disks (diameter 0.5 cm) made of Whatman No. 1 filter paper. The discs were dried (resulting in the final amount of 3 lg extract per disk) and placed onto the agar plates. The agar plates were incubated at 30°C for 24 h and the formation of inhibition zones in triplicate was measured to the nearest 0.2 mm. The mean inhibition zones in the presence of extracts were compared with the control (no extract) using the Dunnett's test (ANOVA) [65] . To achieve normality prior to the analysis, data were square root transformed.
Antidiatom and antialgal activities were tested using the diatom Amphora coffeaeformis (Bacillariophyceae) isolated from a natural biofilm [44] and the green alga Dunaliella salina CCAP 19/18, respectively, according to [21] with some modifications. Prior to the experiment, the diatoms and alga were cultivated in aerated Erlenmeyer flasks filled with 400 ml of F/2 medium at 25°C with continuous overhead illumination at 0.3 9 10 16 quanta s -1 cm -1 . Three microliters of the extracts (concentration 1 mg ml -1 ) or control solvents were applied to sterile paper disks (diameter 0.5 cm) made of Whatman No. 1 filter paper. The discs were dried and each disk was placed in a separate well of 24-well plates (Corning). Using a sterile brush, a suspension of algae or diatoms was made and 1 ml of this suspension was individually applied into each well of the multi-well plate. After 3 days of incubation with continuous illumination (0.3 9 10 16 quanta s -1 cm -1 ) at 25°C, the amount of chlorophyll a (lg l -1 ) in each well was determined by the technique of [37] using a spectrophotometer (Beckman). Each experiment was run in triplicate. The mean amount of chlorophyll a in the presence of extracts was compared with the control (the sterile disks without extract) using the Dunnett's test (ANOVA). To achieve normality prior the analysis, data were square root transformed.
Screening of QS inhibitory compounds
Chromobacterium violaceum CV017 was used as a reporter strain for screening QS inhibitory properties of the extracts. The strain produces N-hexanoyl homoserine lactone, which induces production of the purple pigment violacein via the AHL receptor CviR; it has been obtained after a spontaneous mutation of the wild-type C. violaceum ATCC 31532 [14] . AHLs with acyl side chains [C6 antagonize CviR in this reporter. Experiments were conducted according to [22] . Briefly, compounds at concentrations of 3 9 10 -6 -3 9 10 -2 mg ml -1 were individually applied into wells of microtiter plates (Nunc) and solvents were evaporated under the air flow in the laminar hood. Then, extracts were re-dissolved in 1 ll of dimethyl sulfoxide (DMSO). DMSO in empty cells was used as a control. Five milliliters of soft LB agar (Difco) was mixed with 500 ll of washed overnight culture of CV017, and 100 ll of this mixture (90.9 ll of LB agar and 9.1 ll of CV017) was applied to each well. The plates were incubated 24 h at 30°C. Due to the color of different extracts, which can interfere with the plate-based violacein measurement method, a reduction in violacein production was compared to the control treatments visually [22] . The bioassays were repeated three times and the mean minimum inhibitory concentration that inhibited QS (MIC) in lg ml -1 was calculated. Possible toxic effects of extracts on the CV017 reporter were investigated according to [22] . The MICs in the presence of extracts were compared with the control (DMSO) using the Dunnett's test (ANOVA).
Isolation and identification of QS-inhibitory compounds from SK-3
Strain SK-3 was selected for isolation of QS-inhibitory compounds due to its high growth rate and extract yield as well as QS bioactivity. The strain was grown for 7 days in 5 l of MGM liquid medium with 15 % NaCl at 37°C. The supernatants were separated from cell pellets using centrifugation (5,0009g for 10 min) and the supernatants were further extracted with dichloromethane for 3 days. The dichloromethane fraction was evaporated using a rotary evaporator under reduced pressure at 37°C. Dichloromethane extract (weight 1 g) was purified by a silica column (weight of silica 15 g) and the column was eluted sequentially with 250 ml of 70:30 % hexanes: ethyl acetate, 100 % ethyl acetate, 10:90 % methanol:ethyl acetate, and 100 % methanol. All solvents were HPLC grade obtained from Fisher Scientific. Fractions were collected separately and evaporated using a rotary evaporator. Each collected fraction was re-dissolved either in 1 ml of ethyl acetate (fractions 1, 2, and 3) or methanol (fraction 4). These fractions were tested for their ability to inhibit QS of C. violaceum CV017. The active fraction 3 (10:90 % methanol: ethyl acetate; dry weight 74 mg) was dissolved in 1 ml of 9:1 MeOH:water and separated using a C-18 pre-packed mini Sep-pac column (Waters). This column was eluted with 90 % methanol and 100 % methanol to yield five fractions. Each fraction was collected separately, evaporated and assayed using C. violaceum CV017. The active fraction (90 % methanol, weight 10 mg) was further purified using a preparative reverse phase HPLC (Waters, C18 YMC-pack column, 5 lm, length 250 mm). A 20-min HPLC run with 43 % methanol/57 % water and a flow rate = 3 ml min -1 resulted in isolation of 1.5 mg of diketopiperazine (1) cyclo(L-Pro-L-Phe) (Fig. 3 ). The remaining material was separated using a preparative reversed-phase HPLC (Waters, C18 YMC-pack column, 5 lm, length 250 mm), run with 60 % methanol and a flow rate 3 ml min -1 for 20 min. This resulted in isolation of 1 mg of diketopiperazine (2) cyclo(L-Pro-L-Leu), 0.2 mg of diketopiperazine (3) cyclo(L-Pro-L-isoLeu) and 0.6 mg of diketopiperazine (4) cyclo(L-Pro-D-Phe) ( Fig. 3 ). Compounds were identified by comparison with existing 13 C and 1 H NMR, specific rotation data and LREIMS data.
Screening of QS-inhibitory compounds from SK-3
Before the bioassays, all diketopiperazines (DKPs) from SK-3 were re-dissolved in DMSO. As a control, DMSO was used. In order to investigate in detail QS-inhibitory properties of isolated compounds, we used three reporters. An AHL producer and reporter strain C. violaceum CV017 changes its color in response to short \C5 acyl side chains. Two other E. coli-based QS reporters were deficient in AHL production; reporter E. coli pSB401 [61] that contained the luxR P luxI -luxCDABE transcriptional fusion and emits light in response to AHLs with medium C6-C8 acyl side chains, and LasR-based E. coli reporter pSB1075 [61] that contained the lasR P lasI -luxCDABE and emits light in response to AHLs with long [C10 acyl side chains. Possible toxic effects of compounds on metabolic activity or luminescence of the reporters were tested using a control construct containing a pTIM2442 plasmid in E. coli DH5a [4] . pTIM2442 carries the luxCDABE cassette controlled by a constitutive phage lambda promoter. In a case of toxicity of tested compounds, light production by this reporter is reduced. Direct and indirect experiments were performed with four replicates according to [22] . For all bioassays, DKPs were added to the wells of a black microtiter plate (Nunc) and reporter suspensions in LB broth were added. In the direct bioassay, AHLs N-3-oxo-hexanoyL-L-homoserine lactone (3-oxo-C6-HSL), final concentration of 10 lM, or N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL), final concentration of 2 lM, were added to the wells of a black microtiter plate in order to stimulate QS of pSB401 or pSB1075, correspondingly. In indirect bioassays, different concentrations of compounds were exposed to the reporters without AHLs. Luminescence and optical density of the reporter suspensions (OD 595 ) were measured every hour using a multimode microtiter plate reader Victor-3 (Perkin Elmer). The bioluminescence data are presented as ''relative bioluminescence'' (RB) in order to take into account the population density of the reporters according to the following formula:
where B s is bioluminescence of each sample measured in counts per second (CPS) using the plate reader, and OD 595 is optical density of the reporter culture measured at 595 nm. The differences between the treatments and the positive control were compared by ANOVA followed by Dunnett's test [65] .
Results
Morphological, phylogenetic, and physiological characteristics of the strains All strains have rod-shaped cells, 0.5-0.75 lm in diameter and 2-5 lm length, with terminal flagellae except for the strain SK-6. 16S rRNA-based phylogeny placed 5 strains (SK-1-5) within the Gammaproteobacteria while SK-6 belonged to Archaea (Fig. 1) . The strains SK-2, SK-4, and SK-5 were phylogenetically related to sequences of the genus Halomonas, while SK-1 and SK-3 fell within sequences of the genus Marinobacter. The closest relative to the strains SK-1 and SK-3 was Marinobacter haloterrigenus with more than 99 % sequence similarity. The strain SK-6 shared around 99.6 % sequence similarity with the archaeons Haloterrigena saccharevitans isolated from Aibi salt lake, Xin-Jiang, China [62] , and Haloterrigena thermotolerans isolated from the solar salterns of Cabo Rojo, Puerto Rico [40] .
All strains were Gram negative and were negative for methyl red (MR), Voges-Proskauer (VP), urea, citrate, gelatin liquefaction, and triple sugar iron (TSI) tests ( Table 1) . Only SK-1 and SK-3 showed catalase activity. Acid production from D-glucose, lactose, and maltose was only observed in the case of SK-4 and SK-6, whereas SK-5 showed acid production only on D-glucose and SK-2 only on lactose. All strains could hydrolyze at least two of the compounds: Tween 20 and carboxymethyl cellulose (CMC) or Tween 20 and Birchwood xylan, except SK-6 which could not hydrolyze any of them (Table 1) . All strains grew well at temperatures between 15 and 45°C and not below 5°C or above 50°C, except SK-6, which could not grow below 20°C or above 60°C (Table 1 ). The lowest optimal temperature was observed for the strain SK-5 (25°C), while the highest one was found for the strain SK-6 (45°C). All strains grew at salinities between 5 and 22 %, but none grew at 0 %. SK-6 could not grow at salinities below 15 % and tolerated salinities up to 25 % ( Table 1) .
None of the strains produced amylase and protease, however, all strains except SK-6 produced lipase (Table 1) . While cellulase production was only observed in the case of the strains SK-1, SK-2, and SK-3, xylanase was only produced by SK-2, SK-4, and SK-5.
Antibacterial activity
The growth of four out of nine tested pathogens (B. subtilis, S. aureus, S. pyogenes, and S. enterica) was significantly inhibited (ANOVA, Dunnett's test, p \ 0.05) by extracts from SK-3 ( Table 2 ). Extracts of the other isolates had an inhibitory effect on three tested pathogens only. All hexanes extracts of the isolates inhibited growth of B. subtilis; however, hexanes extracts of supernatants were more active than cell pellet extracts ( Table 2) . All dichloromethane extracts, except the supernatant of SK-1, inhibited growth of the pathogen S. aureus. A relatively large inhibition zone of 6.0 ± 1.1 mm in diameter was obtained in the case of 
Antidiatom and antialgal activity
Screening for antidiatom bioactivity showed variable effects among the different extracts and different strains ( Fig. 2) . While dichloromethane and butanol extracts of supernatants of SK-1 significantly (ANOVA, Dunnett's test, p \ 0.05) inhibited growth of the diatom A. coffeaeformis, hexanes extracts from cell pellets of SK-2, SK-3, and SK-6 and supernatants and water extracts from cell pellets of SK-4 significantly enhanced its growth (Fig. 2) .
In the remaining cases, there was no detectable effect. In the case of the green alga D. salina, only butanol extracts of supernatants of SK-1 significantly (ANOVA, Dunnett's, p \ 0.05) inhibited its growth ( Fig. 2a ). In contrast, Catalase
Hydrolysis of
Starch
CMC carboxymethylcellulose, MR methyl red, VP Voges-Proskauer, TSI triple sugar iron 
QS inhibition by extracts of isolates
All supernatants and water extracts of cell pellets of all strains significantly (ANOVA, Dunnett's test, p \ 0.05) inhibited QS of the C. violaceum CV017 strain ( Table 3) . Supernatant of SK-5 had the highest bioactivity (i.e., the lowest MIC). All extracts of SK-1 and SK-3 inhibited QS of the reporter (Table 3) . QS-inhibitory activity was higher in SK-3 than SK-1 extracts. There was no toxic effect of tested extracts on the reporter strain, and the DMSO control did not affect QS of the reporter strain (data are not shown).
Inhibition of QS by compounds isolated from SK-3
Four DKPs (1) cyclo(L-Pro-L-Phe), (2) cyclo(L-Pro-L-Leu), (3) cyclo(L-Pro-L-isoLeu) and (4) cyclo(L-Pro-D-Phe) were isolated and identified from the bacterium SK-3 (Fig. 3) . In experiments with C. violaceum CV017, cyclo(L-Pro-L-Phe) and cyclo(L-Pro-L-isoLeu) inhibited QS-dependent production of violacein at 160 lM and 94 lM, respectively (data not shown). These compounds were not toxic to this reporter strain at tested concentrations (data not shown). In the case of the E. coli pTIM2442 reporter, only cyclo(L-Pro-L-Phe) significantly (ANOVA, Dunnett's test, p \ 0.05) inhibited luminescence at 80 lM (data not shown). The QS-dependent luminescence of the reporter E. coli pSB401 induced by 3-oxo-C6-HSL was significantly (ANOVA, Dunnett's test, p \ 0.05) inhibited by cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Leu), and cyclo(L-Pro-L-isoLeu) (Fig. 4 ). While cyclo(L-Pro-L-Phe) inhibited QS of the reporter E. coli pSB401 at 20-40 lM, its D-isomer cyclo(L-Pro-D-Phe) did not have any activity (Fig. 4) .
Relative bioluminescence of the negative control (background relative bioluminescence of pSB401 without 3-oxo-C6-HSL) was very low (Fig. 4) . None of the isolated DKPs affected QS-dependent luminescence of the reporter E. coli pSB1075 induced by 3oxo-C12-HSL or without it (data not shown).
Discussion
Halophilic microorganisms possess a multitude of biotechnologically relevant bioactive compounds, produced as a result of their unique physiological and genetic properties that evolved to cope with hypersaline conditions [39] . Due to extremely high salinity, only six strains belonging to known halophiles of the genera Marinobacter, Halomonas, and Haloterrigena were isolated. Isolates belonging to Marinobacter and Halomonas have been previously isolated from hypersaline microbial mats [2, 30, 33, 57] , whereas Haloterrigena-related species were mainly obtained from crystallizer ponds of solar saltens [40, 62] . The ability of our bacterial and archaeal strains to grow at salinities up to 22 and 25 % and temperatures up to 45 and 60°C, respectively, classifies them as extreme halophiles and moderate thermophiles. Extracts of our halophilic isolates inhibited growth of some pathogens ( Table 2 ). All observed antibacterial 
Inhibition of growth of these pathogens was investigated by the disk diffusion bioassay using extracts and supernatants. Inhibition values are presented as mean (mm) ± standard deviation (n = 3). All extracts were tested at 3 lg. Controls (hexanes, dichloromethane, butanol, and distilled water) did not affect the growth of pathogens (data are not shown). Bioassays were repeated in triplicates. The data significantly different (p \ 0.05) from the corresponding controls according to Dunnett's test have asterisks
Hyphen indicates the absence of anti-bacterial activity 
(3) activities were found in the non-polar (butanol, dichloromethane, and hexanes) and not in the polar (water) fractions. However, it remains unknown whether this high antibacterial activity of non-polar extracts is a unique property of our strains or a general attribute of other halophilic microorganisms. Additionally, it is not clear if the same bioactivity could be observed for these strains growing in microbial mats under natural conditions. For example, cultivation of our isolates in the liquid and solid media under laboratory conditions affected their bioactivity. Although all tested strains inhibited the growth of B. subtilis, S. aureus, and S. pyogenes, only Marinobacter sp. SK-3 inhibited the growth of S. enterica. For the first time in this study, we reported the ability of Haloterrigena isolates to produce antibacterial compounds. Ethyl acetate extracts of a Marinobacter sp. associated with sponges was shown to inhibit the growth of B. subtilis [7] , and a marine Halomonas sp. was shown to produce aminophenoxazinones with antibacterial properties [12] . Many representatives of the family Halobacteriaceae were demonstrated to produce bacteriocins [32] . Despite the fact that many halobacteria produce bacteriocins in cultures, these compounds could not be detected in the field. This suggests that the role of bacteriocins in the competition between different halobacteria in hypersaline aquatic environments is probably negligible [32] .
To the best of our knowledge, no antialgal or antidiatom activities have been recorded from halophilic microbes, and our isolates are no exception. Only Halomonas sp. SK-1 inhibited the growth of the green alga D. salina and the diatom A. coffeaeformis and a few of the extracts induced their growth (Fig. 2) . Possibly, these results could be explained by the low levels of competition between bacteria, archaea, microalgae, and diatoms in hypersaline mats. In contrast, the lack of antialgal activity could be due to the selection of target strains for our bioassay. The induction of growth of D. salina and A. coffeaeformis is an interesting aspect and may point to the presence of stimulatory compounds in our extracts. Indeed, it was previously shown that the presence of aerobic heterotrophs induces the growth of phototrophic organisms, such as cyanobacteria [1] . The addition of the bacterium Marinobacter adhaerens HP15 was shown to enhance the aggregate formation of the diatom Thalassiosira weissflogii [53] . Cyanobacteria and associated heterotrophic bacteria were shown to exchange vitamins, other growth factors, nitrogen, and carbon sources, leading to enhanced cyanobacterial growth [54] . The filtrate of aerobic bacterial cultures lacking microbes was shown to have a stimulatory effect on the growth of cyanobacteria (K. Khols, pers. comm.), indicating that these bacteria produced chemicals that account for this effect. More research is still needed to understand the complex interaction between different organisms in microbial mats and the nature of chemicals produced that regulate these relationships under natural conditions.
In this study, halophilic bacterial and archaeal isolates from a microbial mat produced compounds with the ability to inhibit QS-dependent production of violacein by C. violaceum CV017 (Table 3 ). Ethyl acetate extracts of total hypersaline mats were previously shown to exhibit some QS-inhibitory properties against Agrobacterium tumefaciens NTL4 (pZLR4) and S. enterica S235, but not C. violaceum CV017 [3] . Inhibition of P. aeruginosa PAO1 biofilm formation and QS-dependent violacein production of C. violaceum strain CV026 by isolates from marine sediments belonging to different genera including Marinobacter has been reported [41] . An isolate belonging to Marinobacter inhibited both biofilm formation and swarming in Serratia marcescens but did not affect its growth [5] , suggesting production of multiple chemical inhibitors. Inhibition of QS by compounds produced by Halomonas spp. and archaean strains has never been reported before. In contrast, the production of QS compounds that activate bacterial N-acyl homoserine lactone (AHL) bioreporters by Halomonas spp. as well by the archaeal species Haloterrigena hispanica and Natronococcus occultus has been reported [36, 45, 55, 56] .
We isolated several diketopiperazines (DKPs) from Marinobacter sp. SK-3 ( Fig. 3) and demonstrated their QSinhibitory activities (Fig. 4 ). While DKPs have been isolated from bacteria belonging to the genera Bacillus [59, 64] , Streptomyces [34] , Pseudomonas [25] , Pseudoalteromonas [51] , Burkholderia [59] , and Microbispora [27] , the presence of DKPs in Marinobacter sp. has not been previously reported. It is not clear whether Marinobacter sp. SK-3 produces these DKPs under natural conditions at concentrations sufficient to inhibit QS of other bacteria and this should be investigated in future experiments. It was shown that the bacterium Burkholderia cepacia uses cyclo(Pro-Phe), cyclo(Pro-Tyr), cyclo(Ala-Val), cyclo(Pro-Leu), and cyclo(Pro-Val) as signal QS molecules [59] . In contrast, our study suggested that cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-isoLeu), and cyclo(L-Pro-L-Leu) act as inhibitors of bacterial QS (Fig. 4) . Similarly, other DKPs, such as cyclo(Delta-Ala-L-Val), cyclo(L-Pro-L-Tyr), and cyclo(L-Phe-L-Pro), competed with the natural inducer 3-oxo-C6-HSL and inhibited QS in several reporter strains [25] . DKPs were also detected in fungi [8, 35, 46, 60] , as well as in the extremely halophilic archaeon H. hispanica [56] . In the latter organism, the compound cyclo(L-Pro-L-Val) was able to induce QS in bacterial AHL reporters, suggesting the ability of archaea to interact with AHLproducing bacteria within mixed communities. This DKP is different from those isolated from our SK-3 strain. The broad distribution of DKPs among microorganisms, and their ability to activate bacterial QS and inhibit this process, points to a vital role of these compounds in microbial communities.
The effect of isolated DKPs on different reporters was different. QS-dependent production of violacein by C. violaceum CV017 (responses to AHL with short \C5 acyl side chains) was affected by cyclo(L-Pro-L-Phe) and cyclo(L-Pro-L-isoLeu), while QS-dependent luminescence of the reporter E. coli pSB401 (emits light in response to AHLs with medium C6-C8 acyl side chains) was inhibited by cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Leu), and cyclo(L-Pro-L-isoLeu) (Fig. 4) . None of the isolated DKPs affected QS-dependent luminescence of the reporter E. coli pSB1075 (responses to AHLs with long [C10 acyl side chains). Isomeric configuration of isolated DKPs determines their bioactivity. For example, cyclo(L-Pro-L-Phe) had some QS inhibitory properties, while its epimer cyclo(L-Pro-D-Phe) did not have any activity. Cyclo(L-Pro-L-isoLeu) at a concentration of 80 lM inhibited E. coli pTIM2442 reporter luminescence, suggesting that at this concentration it was either toxic to the reporter or inhibited its luminescence directly (i.e., by affecting the luciferase enzyme) or indirectly (by affecting metabolism). It was demonstrated that DKPs have different bioactivities including antiviral, antimicrobial, antifungal, anticancer, cytotoxic, and antifouling [10, 26, 34, 51, 52, 58] . Since DKPs have multiple biological actions, these compounds have a huge potential as antifouling agents not only because they can suppress bacterial QS and inhibit bacterial growth but they can also prevent settlement of invertebrate larvae.
In conclusion, our halophilic strains from hypersaline microbial mats have the ability to produce antibacterial and QS-inhibitory compounds. DKPs from Marinobacter sp. SK3 can control bacterial QS and may potentially be used as antifouling agents to solve problems caused by biofilm formation in marine environments and desalination plants, where salinity is often high. Microbial isolates from hypersaline mats seem to be an important source of bioactive substances, with potential applications in medicine, industry, and environmental settings.
